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Chapter 2 




Nisin is a ribosomally synthesized and posttranslationally modified 
antimicrobial peptide. The maturation of nisin is conducted by a series of 
enzymes. NisB is the first enzyme, which catalyzes the dehydration of serines or 
threonines in the nisin precursor peptide to dehydroanalines (Dha) or 
dehydrobutyrines (Dhb), respectively. NisB binds to the FNLDL box in the 
leader peptide part of prenisin. NisB can be co-purified together with prenisin 
from the cell extract of Lactococcus lactis using a “pull-down” method. To gain 
insight into the structure of this NisAB complex, we first set out to further 
purify it by a NisB-strep-tag and nisin precursor His-tag co-purification strategy. 
SDS-PAGE and Western blots showed that the complex contained full-length 
NisB and prenisin. A thermo-fluor assay was used to test the stability of the 
complex. This indicated that the complex was most stable in Hepes buffer (pH 
7.5) with a low concentration of salt (50mM NaCl) and 1% of glycerol. Imaging 
of negative-stained complex particles showed that the quality of the sample was 
sufficient for cryo-EM analysis. The image collection and structure analysis are 
currently in progress. 




  Nisin precursor-NisB complex 




Nisin is the first described lantibiotic ever and is produced by Lactococcus 
lactis. After ribosomal synthesis, prenisin is produced as a linear peptide of 57 
amino acids, consisting of a leader peptide part and a core peptide part. The core 
peptide part undergoes two steps of modifications: dehydration and cyclization 
(Lubelski et al., 2008b). NisB catalyzes the dehydration of serine or threonine to 
dehydroalanine (Dha) or dehydrobutyrine (Dhb), respectively, while NisC 
couples the five cysteines to Dha or Dhb by an sulfhydryl addition reaction and 
forms the (methyl)lanthionine rings (Kuipers et al., 1993a). After modification, 
prenisin is transported to the outside of the cell by the dedicated ABC 
transporter NisT (Kuipers et al., 2004). NisP is a proteinase that specifically cuts 
off the leader part of modified prenisin (van der Meer et al., 1993). 
NisB contains 993 amino acids and the molecular weight is 118 kDa (Engelke et 
al., 1992; Kuipers et al., 1993a). Research on NisB has been conducted for 
many years. In 1992, NisB was confirmed to be membrane associated (Engelke 
et al., 1992) and also a transmembrane region of NisB was predicted ranging 
from residue 838 to 851. A membrane-associated nisin synthesis complex 
containing NisBTC and prenisin was proposed by studying the interactions 
between them (Siegers et al., 1996). However, further studies have shown that 
NisB and NisT can function independently (Kuipers et al., 2004). In vitro 
activity of NisC has also been demonstrated (Li et al., 2006). Complexes 
formed by NisB and prenisin or NisC and prenisin were isolated by “pull down” 
and visualized by a Western blot approach (Khusainov et al., 2011), which 
indicates that there are strong interactions between prenisin and the 
modification enzymes. The FNLD box in the leader peptide is very important 
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for the binding of prenisin to NisB, NisC and NisT (Khusainov et al., 2011; 
Mavaro et al., 2011; Plat et al., 2011). However, there is no direct information 
on the NisABC complex or interactions between NisB, NisC and NisT, yet. 
NisB has been purified from the cytosol of L. lactis and proved to be a dimer in 
solution. Interactions between NisB and prenisin variants showed that fully 
modified prenisin is much more prone to leave NisB than unmodified or just 
dehydrated prenisin (Mavaro et al., 2011). In vitro activity of NisB has been 
studied after purification from E. coli. It has been shown that the dehydration 
reaction includes glutamylation of serines/threonines and a subsequent 
glutamate elimination (Garg et al., 2013). Later on, glutamyl-tRNAGlu was 
found to play an important role during dehydration of serines and threonines. 
The co-crystallized structure of NisB and prenisin showed that NisB contains 
two separate regions. The FNLD box binds to the N-terminal region of NisB 
and the N-terminal region catalyzes the glutamylation of serines and threonines 
activated by glutamyl-tRNAGlu, while the C-terminal region catalyzes the 
elimination of glutamate (Ortega et al., 2015). 
However, the structure and interaction information of NisB and prenisin in the 
native production system have not been shown. To address this, cryo-electron 
microscopy (cryo-EM) was used. Cryo-EM is a convenient method to define the 
structure of proteins and complexes, which has been used to reconstruct many 
macromolecules or macromolecular complexes to date (Nogales and Scheres, 
2015). For example, the structure of β-galactosidase (∼465 kDa) at 3.2-Å 
resolution was revealed by cryo-EM (Bartesaghi et al., 2014). Recently, a 2.2 Å 
resolution cryo-EM structure of β-galactosidase in complex with a 
cell-permeant inhibitor was reported (Bartesaghi et al., 2015). The main 
advantage of cryo-EM is that we can get more insight in the molecular 
interactions, while no crystallization is needed. The prenisin-NisB complex 
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contains a NisB dimer, which means the molecular weight of the complex is 
about 250 kDa, which makes it possible to use cryo-EM for analysis. 
As was indicated before (Khusainov et al., 2011), NisB can be co-purified with 
prenisin by a “pull down” method. This means NisB and prenisin form a stable 
complex during dehydration. In this study, the prenisin-NisB complex was 
further purified, stably stored and cryo-EM was used to analyze the structure. 
Materials and methods 
Bacterial Strains and Growth Conditions 
The bacterial strains used in this study are listed in Table1. L. lactis strains were 
cultured at 30°C with M17 broth or M17 agar supplemented with 0.5% (w/v) 
glucose (GM17) for genetic manipulation or protein expression. 
Table 1 The strains and plasmids used in this study. 
Strain or plasmids Characteristics References 
Strain   
Lactococcus lactis 
NZ9000 
nisRK (Kuipers et al., 
1997) 
Plasmids    
pNZnisAhis  
 
nisAhis, encoding precursor nisin with C-terminal 
extended GSIEGRHHHHHH, EryRa 
(Khusainov et 
al., 2011) 
pIL32BTC nisBTC, encoding for nisin modification 





nisBstrep, encoding NisB with C-terminal 
extended strep tag (SA-WSHPQFEK), CmRb 
This study 
a EryR: erythromycin resistance. b CmR: chloramphenicol resistance. 
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Gene cloning 
The plasmid pIL3Bstrep was constructed by adding the gene sequence of strep 
tag II (SA-WSHPQFEK) in front of the stop codon of nisB in pIL32BTC and 
subsequently deleting of the nisTC gene from pIL3BstrepTC. All the genetic 
manipulation work was conducted by round PCR as described previously (Zhou 
et al., 2015). 
Protein expression 
The expression strain L. lactis NZ9000 containing plasmids pIL3Bstrep and 
pNZnisAhis was first inoculated into 100 ml GM17 medium with 4µg/ml 
chloramphenicol and 4µg/ml erythromycin and cultured overnight at 30°C, then 
transferred to 2 liter new media and incubated until OD(600nm) reached 0.7. 
5ng/ml nisin was added to induce the expression for 2 hours. Cells were 
harvested by centrifugation at 7200 rpm, 4°C for 16 min. Subsequently, 500 ml 
wash buffer (Tris-HCl, 50mM, pH 7.4) was used to wash the cells. The pelleted 
cells were stored at -80°C. 
Purification 
Cells were first disrupted by French press and subsequently the cell extract was 
used as sample for his-tag purification as described previously (Khusainov et al., 
2011). Eluted fractions of his-tag purification, which contained target protein 
complexes were further loaded on a 200 μl equilibrated strep-tag column (IBA). 
The column was first washed with 1.5 ml wash buffer (100 mM Tris-HCl, 150 
mM NaCl, pH 8.0), and then eluted by adding 100μl elution buffer (100 mM 
Tris-HCl, 150 mM NaCl, 2.5 mM desthiobiotin, pH 8.0) six times. The 
concentration of protein was checked by OD 280nm measurement (Nano drop). 
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SDS-PAGE and Western blot 
The samples for SDS-PAGE was incubated in loading buffer containing 100 
mM DL-dithiothreitol (DTT) and boiled for 10 min. SDS-PAGE and silver 
staining were performed according to a standard operation manual (Sambrook 
and Russell, 2001). Western blots were performed using anti-NisB, anti-leader 
or anti-strep tag antibodies. The anti-NisB antibodies (Karakas Sen et al., 1999) 
were a generous gift from Dr. Arjan Narbad, Institute of Food Research, 
Norwich. The anti-leader peptide antibodies were obtained as described 
previously (Kuipers et al., 2004). Strep-Tactin-HRP conjugate (IBA) was used 
to detect the strep tag. 
Thermo-fluor assay 
The stability of the complex was assessed by a thermo-fluor assay (Ericsson et 
al., 2006). The purified protein was, after his- and strep-tag purification, used as 
sample (about 1 mg/ml, in 100 mM Tris-HCl, 150 mM NaCl, pH 8.0). The 
stability was tested in 50 mM MMT buffer (DL-malic acid: MES: Tris 
base=1:2:2) at different pH conditions (pH 3.5, 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 
8.0, and 8.5) and at different concentrations of NaCl (0 mM, 50 mM, 100 mM, 
and 200 mM). Additionally the influence of different types of buffers (100 mM 
Tris-HCl or 100 mM Hepes) and different concentrations of glycerol (0%, 1%, 
and 2.5%) were also tested. The Tm value was determined using a RT-PCR 
machine (Bio-Rad). 
Negative staining and cryo-electronic microscopy 
The protein sample for cryo-EM analysis was purified from 8 liter cell culture, 
and the complex was purified from a French press-disrupted cell pellet by his- 
and strep-tag purification, as described above. The concentration of the sample 
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used for EM was 1 mg/ml. A negative staining was performed by Tike Tosin at 
the Imperial Collage London. The same sample was analyzed in Leiden 
University for cryo-electronic microscopy. 
Results 
Purification of NisAB complex by a two-step purification 
NisB is a large protein of 118 kDa, while prenisin is a small peptide (7.4 kDa). 
Notably, as NisB catalyzes the dehydration of prenisin by binding to the leader 
peptide part of prenisin, it could be co-purified with prenisin attached with a 
C-terminal his-tag (GSIEGRHHHHHH) as described previously (Khusainov et 
al., 2011). In this study, the prenisin-NisB complex was first obtained from the 
cell extract by a his-tag purification. However, a lot of free prenisin and 
contaminated protein were extracted as well (Figure 1, His/E). To further purify 
the NisAB complex, a strep-tag (SA-WSHPQFEK) was added to the 
C-terminus of NisB. The elutions of the his-tag purification were subsequently 
purified by a strep-tag purification. Figure 1 shows that a large amount of 
contaminated proteins and free prenisin (indicated by an arrow) were removed 
during the flow through and wash steps (Strep/F, W1, W5), while the target 
protein (confirmed below) was specifically concentrated (Strep/E3, E5). The 
NisB protein in the SDS-PAGE gel existed as a monomer, as the samples 
included 100 mM DTT and was boiled for 10 minutes before loading (Figure 2). 
However, most of prenisin still bound to NisB as a complex (confirmed below), 
so the SDS-PAGE in this study is almost like a native-PAGE, which did not 
thoroughly denature the complex. 
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Figure 1. Purification of the NisAB complex by a strep-tag purification, analyzed by 
SDS-PAGE and Western blot. The SDS-PAGE gel was stained by silver (A). The same samples 
were detected by Western blot using anti-leader (B), anti-NisB (C) and anti-strep (D) antibodies, 
respectively. M, protein marker (Fermentas, 26619/ SM1811). His/E, elution of his-tag purification, 
which is also the sample of strep-tag purification; F, flow through of strep-tag purification; W1 and W5, 
wash 1 and wash 5 of strep-tag purification; E1, E3 and E5, elution 1, elution 3 and elution 5 of 
strep-tag purification. 15μl protein sample was loaded per well. 
 
Figure 2. Effect of DL-dithiothreitol (DTT) on the polymerization of NisB and the prenisin 
complex. 6 μl purified complex was mixed with either 2 μl SDS-PAGE loading buffer or 2 μl 
SDS-PAGE loading buffer containing 400mM DTT, and boiled for 10 min before loading to the gel. 
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The gel was stained by silver. Sample 1 contained more protein than sample 2. M, protein marker. 
Without DTT, the sample showed numerous high molecular bands, which could be dimer of NisB. 
With DTT, NisB existed only as monomer, the 90 kDa truncation of NisB appeared (arrow) and the 
amount of free prenisin increased (arrow). 
The presence of NisA and NisB was confirmed by Western blot 
From the silver stained SDS-PAGE gel (Figure 1A), we can see there is one 
main band about 120kDa, which should be NisB (118kDa). And there is a weak 
band above, which is predicted to be one NisB with one prenisin. To assess the 
composition of the sample, a Western blot was performed. The results show that 
when the sample was detected by anti-leader antibody (Figure 1B), the main 
signal band was near 130kDa, slightly above the main band in the silver stained 
gel. This probably represents the prenisin bound to NisB. Small amounts of free 
prenisin could also be observed but takes a small part (Figure 3). The anti-NisB 
antibody binds the N-terminus of NisB, and the signal in Figure 1C showed 
that the 120kDa protein is NisB and the band above contained NisB. There were 
also some N-terminal truncations of NisB, especially the 90kDa band. These 
results are in accordance with previous studies (Khusainov et al., 2011, 2013). 
The strep-tag that was introduced in this study can be used to detect the 
C-terminus of NisB. The results (Figure 1D) show that the bands with the 
strongest signal were the same as the main band in Figure 1A and the band 
above. The other bands should be C-terminal truncations of NisB while the 
band smaller than 25kDa was a main truncation product. The lowest band 
detected by anti-strep antibody (about 10kDa) should be the smallest C-terminal 
truncation of NisB, containing about 100 residues. The Western blot results 
indicate that the purified complex contains full length NisB and prenisin, 
indicating prenisin bound to NisB. Furthermore, it was noticed that most 
contaminated proteins with anti-leader signals were removed after strep-tag 
purification, while particular proteins, which should be truncations of NisB, 
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showed stronger signals. 
     
Figure 3. His- and strep-tag purified NisB-prenisin complex, detected by Coomassie blue or 
Western blot using anti-leader, anti-NisB or anti-strep antibodies. The sample was incubated in 
loading buffer containing 100 mM DTT and boiled for 10 min. The arrow indicates free prenisin 
detected by anti-leader antibodies. 
Stability of the complex was defined by the thermo-fluor assay  
To find the best condition to maintain the stability of the NisAB complex, a 
thermo fluor assay was conducted. The results in Figure 4A show that the 
complex was most stable either at pH 3.5 or at neutral condition (pH 6.5-7.5), 
while not stable at pH 4.5-5.0. Adding no, or a low concentration, of salt was 
better for the complex, while ≥100mM NaCl was detrimental for its stability. 
Figure 4B showed that the Hepes buffer was better than the Tris-HCl buffer 
when salt was added. Adding glycerol appears to improve the stability. In 
summary, using the Hepes buffer, pH 7.5 with 50 mM NaCl and 1% glycerol 
yielded the most stable complex. This could be used as a storage buffer for NisB 
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and prenisin complex at low temperature. 
 
Figure 4. Thermo fluor assay of the purified prenisin-NisB complex. The complex was 
incubated in (A) 50 mM MMT buffer at different pH and with different concentrations of NaCl; (B) 100 
mM Tris-HCl buffer (pH 7.0 or 7.5) or 100 mM Hepes buffer (pH 7.0 or 7.5) with different 
concentrations of NaCl and glycerol. The stability of the complex was indicated by the Tm value. 
Negative staining showed the complex particles 
The purified NisAB complex sample (1 mg/ml, in 100 mM Tris-HCl, 150 mM 
NaCl, pH 8.0) for cryo-EM analysis was first tested by negative staining. The 
image of the complex particles after negative staining (Figure 5) shows that the 
complex particles were homogenous and suitable for the cryo-EM analysis. 
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Figure 5. EM image of the NisAB complex after negative staining. One of the complex particles 
is indicated by an arrow. The EM picture was taken by Tike Tosin at the Imperial College London. 
Discussion  
NisB is the dehydratase of NisA. The leader part of prenisin binds to the 
N-terminal domain of NisB with the FNLD box (Mavaro et al., 2011; Ortega et 
al., 2015). By adding a his-tag behind NisA and performing a his-tag 
purification, NisB could be co-purified with NisA (Khusainov et al., 2011). In 
this study, the NisAB complex was further purified by a strep-tag purification, 
which significantly improved the purity. Western-blot showed that the purified 
protein contained NisB and NisA complex. The negative staining image 
indicated that the complex particles were suitable for cryo-EM detection. This 
means that it is promising to reconstruct the 3D structure of prenisin-NisB 
complex by cryo-EM. 
The MALDI-TOF result showed that the prenisin in the complex was fully 
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dehydrated (data not shown), which indicates that fully dehydrated prenisin 
could tightly bind to NisB. As described previously (Khusainov et al., 2011), 
NisB is present as a dimer in the complex demonstrated by SDS-PAGE without 
reductant and size exclusion (data not shown). As the binding stoichiometric 
number of NisB and prenisin is 1:1 (Mavaro et al., 2011; Ortega et al., 2015), 
the purified complex should contain two NisB and two prenisin molecules. The 
purification and Western blot results showed that the 90 kDa truncation of NisB 
bound prenisin, which indicates that the leader part of prenisin binds to the 
N-terminal part of NisB. This is in accordance with the structure of NisAB 
(Ortega et al., 2015), which showed that the leader part of prenisin binds to the 
residues Leu166-Asn175 of NisB as an anti-parallel β strand and the FNLD 
motif is located at a pocket formed by residues from the first 210 residues of 
NisB. If these interacting residues of NisB are mutated, the complex might be 
disrupted. Furthermore, the reported mutations which reduced the amount of 
co-purified NisB, e.g. Δ(77–79)Y80F, W616A (Khusainov et al., 2015), might 
also reduce the stability of the complex. However, the mutations at the catalytic 
sites, e.g. Y80F and H961A, which did not affect the binding of NisB to 
prenisin (Khusainov et al., 2015), might not affect the stability of the complex. 
Cryo-EM is a powerful method to analyse the structure of macromolecular 
complexes. Compared to crystallization, cryo-EM needs much less sample, 
which is beneficial for the analysis of easily degraded proteins. Cryo-EM is 
developing quickly enabling structural elucidation of even smaller 
macromolecules (Nogales and Scheres, 2015). High resolution structures have 
been reconstructed, from virus (Liu et al., 2010) to ribosome (Amunts et al., 
2014), and now to large proteins (Bartesaghi et al., 2014) and protein complexes 
(Bartesaghi et al., 2015). However, reconstruction of proteins or complexes 
smaller than 200 kDa remains challenging. For instance, the human 
gamma-secretase is a 170 kDa membrane-embedded protease complex with 
  Nisin precursor-NisB complex 
~ 37 ~ 
 
30-70 kDa of glycosylation. Its structure was revealed by cryo-EM at 4.5 Å 
resolution from 144,000 particles. But there are still some parts not totally clear 
(Lu et al., 2014). This indicates that reconstruction of the NisAB complex 
(250kDa) by cryo-EM will be challenging, but if successful, it can contribute 
significantly to the further understanding of lantibiotic modification. 
The stability of the complex is very important for the reconstruction of the 
prenisin NisB structure. The thermo fluor assay showed that the complex was 
most stable at neutral pH. The calculated pI of NisB-strep is 6.27, while that of 
prenisin-his is 8.99. When the pH is 6.5-7.5, NisB is negatively charged and 
prenisin is positively charged, which might be beneficial for the stability of the 
complex. Moreover, NisB might be more stable when it is negatively charged. 
The complex was most stable at a salt concentration below 50 mM NaCl, and 
100 mM NaCl was detrimental for its stability, but when the concentration of 
salt was over 200 mM, the stability increased again (Figure 6). In the previous 
purification of NisB, 50 mM Hepes-NaOH, pH 8, 500 mM NaCl, and 10% (v/v) 
 
Figure 6. Stability of the NisAB complex at different concentrations of NaCl. The tests were 
performed in MMT buffer, pH 5.0 or pH 7.0. 
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glycerol was used (Mavaro et al., 2011). The in vitro dehydration activity assay 
of NisB was performed in 50 mM Hepes, pH 7.5 (Garg et al., 2013). These 
conditions are both in the stable range as shown in this research. 
There are several proteins involved in the maturation and transportation of nisin. 
NisB is the first enzyme in the modification process, which catalyses the 
dehydration. The dehydrated serines (Dha) and threonines (Dhb) are coupled to 
cysteines by a sulfhydryl addition, which is catalysed by the cyclase NisC. As 
was indicated previously, NisC and NisA could form a complex also 
(Khusainov et al., 2011). From the crystal structure of NisC, a negatively 
charged channel was suggested to be the binding site of the leader part of nisin 
(Li et al., 2006). If the prenisin-NisC complex could be purified and analysed by 
cryo-EM, the interactions between NisC and NisA could be clearly 
demonstrated. Although NisB and NisC could work independently (Garg et al., 
2013; Li et al., 2006), it has been shown that NisB and NisC catalyse the 
dehydration and cyclization in an alternating way (Lubelski et al., 2009), which 
indicates that they might locate very close to each other during modification. It 
would be very interesting to reconstruct the modification machinery including 
NisB, NisC and prenisin by cryo-EM or time resolved cryo-EM (Chen et al., 
2015). The cryo-EM experiments and data analysis have been started in 
collaboration with Leiden University and are ongoin
